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Introduction {#s01}
============

Mitochondria are double-membraned organelles of endosymbiotic origin. They are not only the "powerhouses of the cell", they are also major triggers for the intrinsic pathway of apoptosis, regulators of calcium homeostasis and providers of various chemicals for the cell, such as phospholipids and iron-sulfur clusters (indispensable for membrane biogenesis and for the assembly of many catalytic centers, respectively). Mitochondrial homeostasis is ensured by a balance between biogenesis and turnover. This balance is achieved through coordination of several pathways. For instance, mitochondrial proteins are encoded within two genomes. The vast majority of mitochondrial proteins are encoded in the nuclear genome and are imported post-translationally, while a dozen proteins are directly encoded in the mitochondrial genome \[[@bib-001]\]. As both genomes contribute subunits to the respiratory chain complexes, coordination of the expression of the nuclear and the mitochondrial genome, as well as the rate of protein import, is crucial for the proper stoichiometric assemblies of these complexes. There are a number of ways that this can go wrong. Facing such problems, the cell is left with two options: repair the faulty mitochondria or get rid of them. This decision depends on several criteria. How bad is the damage and is it fixable? Are the damaged mitochondria doing any harm to the rest of the cell? Are there enough mitochondria to compensate for the loss of the damaged ones?

Interestingly, mitochondrial quality control is tightly linked to medically important phenomena, such as neurodegeneration and aging. While Parkinson's disease is a mostly sporadic disease characterized by the cytoplasmic accumulation of plaques containing aggregates of the protein alpha-synuclein in dopaminergic neurons, a small percentage of Parkinson's disease is strictly genetically inherited and its onset is earlier than sporadic Parkinson's disease \[[@bib-002]\]. Besides pathological dominant alleles of the alpha synuclein-gene itself, most of these genetic cases of Parkinson's disease are due to recessive mutations in genes encoding phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1) and Parkin. These two proteins are part of a recently identified mitochondrial quality control pathway \[[@bib-002]\]. The activation of another mitochondrial quality control pathway extends the lifespan of worms and mice \[[@bib-003],[@bib-004]\]. Therefore the study of mitochondrial quality control holds promise to boost our understanding of these medically relevant conditions.

Mitophagy: trash it {#s02}
===================

Autophagy allows the degradation and recycling of cytoplasmic components. This pathway can be triggered by a sudden need for energetic resources, for instance in the case of a starvation response \[[@bib-005]\]. In this case, random bits of the cytoplasm are engulfed in a double membraned organelle (autophagosome) and delivered to the lysosome for degradation and recycling. In other conditions, select parts of the cytoplasm, such as organelles, are sorted for engulfment in a selective autophagic process \[[@bib-006]\]. This happens to damaged mitochondria in a process called mitophagy. Treating cells with harsh mitochondria damaging agents can cause the virtually complete mitophagic disappearance of mitochondria (e.g. \[[@bib-007]\]). In physiological conditions, faulty mitochondria need to be flagged. This flag is then used to recruit the mitophagy machinery. In this sense, mitophagy not only is specific for mitochondria but it also only targets a subset of mitochondria, that is, the terminally damaged ones. PINK1 and Parkin are the two main components of this flagging/recruiting process. PINK1 is a serine/threonine kinase bearing a mitochondrial targeting sequence and a transmembrane domain. In the absence of damage, PINK1 is quickly turned over and does not accumulate. However, PINK1 is selectively stabilized on the surface of faulty mitochondria \[[@bib-008]-[@bib-010]\]. PINK1 accumulation then causes the recruitment of Parkin, which is a ring-domain containing E3-ubiquitin ligase. Parkin broadly ubiquitinylates proteins on the cytosolic side of the outer mitochondrial membrane (OMM) \[[@bib-011]\]. Ubiquitin is then used as a flag to degrade OMM proteins and to recruit the autophagic machinery.

Mitochondrial dynamics: break it {#s03}
================================

Mitochondria are highly dynamic, in that they undergo cycles of fusion and fission \[[@bib-012]\]. As a result, the number of mitochondria in a cell is not fixed, but fluctuates depending on whether mitochondria are rather elongated or fragmented. The physiological role of mitochondrial dynamics is largely mysterious, but one of its important functions appears to be quality control \[[@bib-013]\].

On the one hand, a damaged mitochondrion may be able to segregate its damaged components into subcompartments and divide, giving rise to one healthy mitochondrion and one that presumably carries the damage load of the original mitochondrion \[[@bib-014]\]. This damaged mitochondrion has an opportunity to repair itself, or is targeted to mitophagy by the PINK1-Parkin pathway.

On the other hand, fusion is inhibited in damaged mitochondria. The OPA1 protein (mutated in dominant optic atrophy) is involved in the fusion of the inner mitochondrial membrane (IMM) during mitochondrial fusion \[[@bib-015]\]. OPA1 exists in various forms that are produced by proteolytic cleavage \[[@bib-016],[@bib-017]\]. Among the proteases that process OPA1 is OMA1. Mitochondrial damage appears to regulate OPA1 cleavage by OMA1 \[[@bib-018],[@bib-019]\]. This leads to an overall inhibition of fusion in faulty mitochondria. Damaged organelles are therefore prevented from contaminating healthy ones. Moreover, preventing fusion also leads to a shortening of mitochondria, which are thereafter more easily engulfed in mitophagosomes \[[@bib-014],[@bib-020]\]. Another way to prevent fusion is the selective PINK1-Parkin-dependent proteasomal degradation of the mitofusins \[[@bib-021],[@bib-022]\]. Mitofusins are dynamin-related GTPases essential for OMM fusion. Their turnover may thus contribute to the fragmentation of the mitochondrial network.

Mitochondrial unfolded protein response: fix it {#s04}
===============================================

Cells undergoing stress homeostatically adapt by changing their transcription program to cope with and overcome the stress. Such transcriptional stress responses include the cytoplasmic heat-shock response and the endoplasmic reticulum unfolded protein response (UPR) \[[@bib-023]\]. In both of these cases, the accumulation of misfolded proteins is sensed by one or more sensor proteins in the respective compartments, causing the activation of a nuclear transcription factor, which turns on a transcriptional program aimed at fixing the problem. A more recently discovered pathway is the mitochondrial UPR \[[@bib-024],[@bib-025]\], which has been most extensively studied in the worm *Caenorhabditis elegans* \[[@bib-026]\]. At the core of this pathway is activating transcription factor associated with stress-1 (ATFS-1). ATFS-1 is a basic leucine zipper (bZip) transcription factor, which bears a mitochondria targeting sequence at its N-terminus \[[@bib-027]\]. In healthy cells, ATFS-1 is efficiently imported into the mitochondrial matrix, where it is quickly degraded. Upon mitochondrial dysfunction, the import efficiency of ATFS-1 drops and ATFS-1 starts accumulating outside of mitochondria. Because ATFS-1 bears a nuclear localization sequence (NLS) close to its bZip domain, it is imported into the nucleus where it starts a transcription program. Among the transcriptional targets of ATFS-1 are mitochondrial chaperones, which are upregulated to cope with the stress in mitochondria \[[@bib-027]\]. Therefore, mitochondrial UPR helps damaged mitochondria to restore their function.

Sensing damage {#s05}
==============

The pathways we have just described have almost completely opposite outcomes. Both mitochondrial fragmentation and mitophagy aim at getting rid of the problem, while mitochondrial UPR tries to fix it. When and why does the cell choose one over the other? One possibility is that qualitatively different types of stresses elicit different responses. This explanation, however, does not hold as the stresses eliciting mitophagy, mitochondrial UPR and fusion inhibition appear to be identical: it's a loss of electrochemical potential in the IMM, which is the cause of PINK1 accumulation in the OMM \[[@bib-009],[@bib-010]\], of ATFS-1 failure to enter the mitochondria \[[@bib-027]\] and possibly also of OMA1 activation \[[@bib-018],[@bib-019]\]. The mechanisms underlying these various phenomena are actually very similar and relate to the fact that the electrochemical potential of the IMM is crucial for the translocation of proteins across the IMM \[[@bib-028]\]. In healthy mitochondria, the mitochondrial targeting sequence of PINK1 precursor crosses both translocases of the outer and inner membranes (TOM and TIM), to reach the IMM, where its transmembrane domain is inserted. IMM insertion of PINK1 triggers a degradation reaction initiated by the intra-membrane cleavage of the transmembrane domain by the presenilin-associated rhomboid-like protease (PARL) \[[@bib-029],[@bib-030]\] ([Fig. 1](#fig-001){ref-type="fig"}, left). The final degradation reaction is pursued in the cytosol (likely after retrotranslocation through the OMM) by the cytosolic proteasome \[[@bib-031]\] because the N-terminal amino acid of cleaved PINK1 is targeted by the N-end rule pathway \[[@bib-032]\]. Compromised mitochondria are depolarized, therefore PINK1 can reach TOM but does not efficiently translocate into the TIM complex. As a result, it is most likely released from the TOM complexes and inserted laterally into the OMM, where it can recruit Parkin and trigger mitophagy \[[@bib-009],[@bib-010],[@bib-029]\] ([Fig. 1](#fig-001){ref-type="fig"}, right).

![Scheme of the various mitochondria quality control pathways operative in a healthy mitochondrion (left) or a depolarized one (right)\
In healthy mitochondria, PTEN-induced kinase 1 (PINK1) is transported to the inner mitochondrial membrane (IMM) where it is processed by the intramembrane presenilin-associated rhomboid-like protease (PARL). This leads to the retrotranslocation of PINK1 to the cytosol, where it is degraded by the proteasome via the N-end rule pathway. In depolarized mitochondria, PINK1 fails to reach the IMM and instead inserts in the outer mitochondrial membrane (OMM), where it recruits the ubiquitin (Ub) ligase Parkin to ubiquitinylate OMM resident proteins. In healthy cells, ATFS-1 is imported into the mitochondrial matrix, thanks to its mitochondrial targeting sequence (MTS). In depolarized mitochondria, ATFS-1 import is inhibited. As a result, ATFS-1 translocates to the nucleus where it acts as a transcription factor to induce the mitochondrial UPR. The metalloprotease OMA1 inserts in the IMM. In healthy cells it is likely in an inactive form. As a consequence, a long non-processed form of its substrate -- the dynamin-related protein OPA1 -- accumulates (OPA1-l). In depolarized cells, OMA1 is activated and cleaves OPA1 to a short form (OPA1-s), thereby inhibiting mitochondrial fusion.](biolrep-06-15-g001){#fig-001}

The case of ATFS-1 is more straightforward: a simple kinetic competition appears to take place between its mitochondrial targeting sequence and its NLS. Since the electrochemical gradient across the IMM is crucial for mitochondrial protein import \[[@bib-028]\] and, since depolarized mitochondria do not import proteins efficiently, loss of electrochemical potential will shift the equilibrium to favor nuclear import of ATFS-1 and trigger mitochondrial UPR \[[@bib-027]\] ([Fig. 1](#fig-001){ref-type="fig"}).

The mechanism of OMA1 activation is less clear. It is proposed that OMA1 inserts in the OMM, where it is rendered inactive by proteolytic cleavage ([Fig. 1](#fig-001){ref-type="fig"}, left). Upon depolarization, OMA1 might insert into the IMM in a way that prevents its proteolytic cleavage and instead accumulates as an active precursor \[[@bib-019]\] ([Fig. 1](#fig-001){ref-type="fig"}, right).

Thus, if the type of insult that triggers mitophagy or mitochondrial UPR is not qualitatively different, then what decides between the two cellular pathways? The difference may just be quantitative. A single damaged mitochondria will be sufficient to expose PINK1 on its surface and trigger its own degradation. However a single faulty mitochondrion will likely not be able to release enough ATFS-1 to mount a mitochondrial UPR, as enough healthy mitochondria can compete with the nucleus for ATFS-1 import. In genetics terms, one could say that mitophagy is dominant, while mitochondrial UPR is recessive. As a result, mitophagy is an organelle-specific response while mitochondrial UPR is a systemic response.

Therefore, the choice of one pathway over the other will depend on the overall degree of damage of the mitochondrial network: a few highly damaged mitochondria will trigger their selective elimination by mitophagy, while a low general level of damage to most mitochondria will cause mitochondrial UPR. Of course, any intermediate situation could be dealt with by a combination of mitophagy and mitochondrial UPR activation. These two dominant and recessive types of response are actually a very neat way of fine tuning the cellular response to mitochondrial damage. On the one hand, a single faulty mitochondrion might not necessitate the induction of a costly systemic program and can be dealt with mostly by mitophagy. On the other hand, eating up the whole mitochondrial network is a bad idea. Repair is probably the way to go when too many mitochondria are damaged.

Mitochondrial quality control in health and disease {#s06}
===================================================

All of the above pathways have intricate connections with human health. PINK1 and Parkin are the most prevalent recessive mutations found in patients with early onset Parkinson's disease \[[@bib-002]\], suggesting that a specific malfunction in the machinery that gets rid of damaged mitochondria can cause the disease. The aetiology of the disease is not clear in PINK1 and Parkin-related early onset Parkinson's disease. Sporadic Parkinson's disease is characterized by the appearance of amyloid plaques of alpha-synuclein, which is not a mitochondrial protein. Moreover, most patients suffering from Parkin- or PINK1-related Parkinson's disease do not show plaques. Thus the connection between Parkinson's disease and mitochondria still needs to be clarified.

Another spectacular health-related aspect of mitochondrial quality control is aging. Since the original observations that calorie restriction could extend lifespan, a close connection exists between energy metabolism and aging. Mitochondria, as an important source of reactive oxygen species, have long been considered a prime suspect for causing cellular aging. However, a different picture emerges from recent studies. In a screen for long-lived worm mutants, Andrew Dillin's lab found that creating imbalance in the assembly of respiratory chain subunits caused increased lifespan \[[@bib-003]\]. That phenomenon was soon related to an activation of the mitochondrial UPR. Indeed, this increase in lifespan did not correlate to a reduced activity of the mitochondria, but to an activation of mitochondrial UPR, since increase in lifespan is blunted in mutants incapable of mounting a mitochondrial UPR. Thus, although direct causality between mitochondrial UPR induction and lifespan extension is not clearly established, it seems that mitochondrial quality control, more than mitochondrial activity, contributes to aging regulation. These observations, originally made in worms, could be extended to mice, where a large-scale genomic association study found that longevity was associated with variations in genes encoding mitochondrial proteins \[[@bib-004]\].

Finally, besides aging and Parkinsonism, other medically relevant conditions seem to involve mitochondrial biogenesis and turnover, and mitochondrial dynamics and quality control genes are often mutated in neurological diseases. These include dominant optical atrophy (OPA1), Charcot-Marie-Tooth type 2a (Mitofusin 2), Leber hereditary optical neuropathy (various mutations in mitochondrial DNA) among others (reviewed in \[[@bib-033]\]).

The unexpected relationship between mitochondrial quality control, neurodegeneration and aging thus stresses the importance of the global and detailed understanding of these pathways for human health.
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